Protelomerases are enzymes responsible for the generation of closed hairpin ends in linear DNA. It is proposed that they use a breaking-and-rejoin type mechanism to affect DNA rearrangement on specific DNA sequences. In doing so, one strand turns around and becomes the complementary strand. Using the purified enzyme from the Escherichia coli phage N15 and the Klebsiella phage fKO2 and synthetic oligonucleotide substrates, we directly demonstrate the location where the cutting/re-ligation occurs. We identified a pair of transient staggered cleavages six base-pairs apart centered around the axis of dyad symmetry of the target site. Two molecules of the protelomerase form a pair of protein-linked DNA intermediates at each 3 0 end of the cleaved openings leaving a 5 0 -OH. Then, in a process not yet clearly defined, the partners of the two initial openings are exchanged, and the transient breaks are resealed to generate hairpin ends. The formation of 3 0 -covalent DNA -protein intermediates is a hallmark of the topoisomerase IB type reaction, and we have thus shown experimentally that protelomerase is a member of the tyrosine-recombinase superfamily. In addition, by introducing single nicks in the substrates as perturbation, we found that the integrity of the nucleotide chain 4 bp away from the cutting site as well as this nucleotide's complementary location on the stem if the strands were to fold into a cruciform structure are required for activity, suggesting that these locations may be important substrate-protein contacts. We determined that N15 and fKO2 protelomerases are monomers in solution and two molecules are needed to interact with the substrate to form two closed hairpin products. The target sites of protelomerases invariably consist of inverted repeats. Comparative studies using the related target sites of different protelomerases suggest that these proteins may require both sequence-specific and structure (possibly cruciform)-specific recognition for activity.
Introduction
Bacterial chromosomes and plasmids are usually circular. However, in some unusual cases, they are linear with covalently closed hairpin ends. Notable examples of such linear molecules are the chromosome of Borrelia burgdorferi, the Lyme disease agent, and one of the two chromosomes of Agrobacterium tumefaciens. 1 -3 In addition to its large chromosome, B. burgdorferi also harbors numerous circular and linear plasmids. These linear plasmids also have hairpin ends. 4 -7 Escherichia coli phage N15, a lambdoid-temperate phage, and PY54, a temperate phage isolated from Yersinia enterocolitica, do not integrate their DNAs into the host chromosome upon establishing lysogeny. Instead, these prophages exist as linear plasmids with hairpin ends. 8 -10 These linear replicons are duplex DNAs in which one strand turns around and becomes the complementary strand at both ends; thus there are no exposed free DNA ends. The mechanisms by which these hairpin ends are generated are beginning to be investigated. In Borrelia, it has been shown that a circular plasmid gene, BBB03, encodes a protein that is sufficient for the generation of the hairpin ends of a linear plasmid. 11 In the N15 and PY54 phage systems, proteins have been identified that are responsible for both in vivo and in vitro hairpin end generation. 10,12 -15 These hairpin end-generating proteins were named "protelomerases" because they are prokaryotic enzymes that create hairpin telomeres. 9 Recently, another linear plasmid, called pKO2 was identified in Klebsiella oxytoca. 16 This plasmid was also shown to have hairpin ends and to be the prophage of a non-integrated temperate phage fKO2. 17 The genome of fKO2 has been completely sequenced, 17 and it is 51.6 kb in length with 10 bp cohesive ends. It has an overall gene arrangement similar to that of phage N15. 12, 17 Near the center of the phage fKO2 genome is an inverted repeat sequence of 50 bp, and an N15 protelomerase-like protein is encoded immediately downstream from it; hence it seemed likely that this inverted repeat is the target site of the fKO2 protelomerase. We show here that the protelomerases from N15 and fKO2 can work on each other's target sequence, telRL. 9 Based on the limited amino acid sequence similarity between protelomerases and Y-recombinases (especially near the catalytic region where the active site tyrosine is located), it has been proposed that protelomerase may be a member of the Y-recombinase/integrase family of proteins, 12 and hence it may also use a characteristic cuttingrejoining type mechanism for its action. In order to gain further insight into the detailed mechanism by which hairpin ends are generated by protelomerase and more importantly to determine the location of the cutting -rejoining site, we use oligonucleotide substrates including nicked suicide substrates for the analysis. We report here that the purified protelomerases from N15 and fKO2 employ a topoisomerase-IB/Y-recombinase type mechanism to generate hairpin ends. These proteins transiently cut the target site at two positions 6 bp apart on opposite strands at dyad symmetrical locations. A pair of protein-DNA linked intermediates is created at the cleavage sites, each forming a 3 0 -phosphoryl linkage to the protein and a free 5 0 -OH. After a DNA rearrangement event to exchange the partners at the dyad symmetrical openings, the transient breaks are resealed, resulting in the covalent joining of one strand to its complementary strand to form hairpin ends.
Results
Protelomerase from fKO2 generates hairpin ends at its target site in vitro
The overall gene order between the genome of E. coli phage N15 and Klebsiella phage fKO2 is similar. 12, 17 At a location opposite to that of the cohesive end, one prominent inverted repeat of 50 bp, instead of three sets as in phage N15, was identified. In N15, the central inverted repeat of 56 bp, consisting of two shorter inverted repeats of 14 bp and 22 bp separated by three non-inverted repeat base-pairs, is the telomere-forming site, telRL, which becomes the hairpin-ended telomeres of the linear plasmid. 9 The equivalent fKO2 sequence, like the central inverted repeat of N15, also consists of two smaller inverted repeats (7 bp and 14 bp) separated by 4 bp of non-inverted repeat sequence. This 50 bp site shares a high degree of sequence homology with the core 56 bp inverted repeat of N15 telRL site ( Figure 1 ). Correspondingly, downstream from the inverted repeat in fKO2 is a protelomerase-like gene (encoding the 640 residue TelK protein) whose product shares 77% sequence identity with the N15 protelomerase (631 residues; also called gp29). The fKO2 gene was cloned into an expression vector and the encoded protein was expressed in E. coli. A rapid Figure 1 . Schematic alignment of the protelomerase regions of the genomes of E. coli phage N15 and Klebsiella phage fKO2. The protelomerase target site telRL and the protelomerase genes are represented by rectangles (not drawn to scale). Pairs of opposing arrows indicate inverted repeating sequences. In the expanded sequence below, lower case characters represent imperfect pairing within the inverted repeat; asterisks (**) denote the center of dyad symmetry where the hairpin ends are formed. Nucleotide numbers are marked above the sequences. purification scheme was developed using Ni-NTA (Qiagen) metal affinity chromatography followed by gel filtration chromatography ( Figure 2A) . A parallel N15 construct was also prepared and its encoded protein, TelN, was purified for comparison. The 50 bp telRL from fKO2, when cloned into plasmid vector, serves as substrate for the in vitro end resolution reaction. Figure 2B shows that upon incubation with the purified TelK protein, supercoiled pSK-K plasmid DNA carrying the target site is converted to a linear sized DNA, and a linearized DNA substrate is converted to two fragments of 2.1 kb and 0.8 kb. These are the sizes predicted for cleavage at the telRL site. In the absence of the telRL site, the supercoiled or linearized pSK vector DNA is unaltered by TelK (data not shown). When these reaction products were analyzed under alkaline (denaturing) conditions, the products were twice as long as those observed under neutral conditions. The latter results show that the ends generated by the TelK protein have a closed hairpin structure, where the two strands of the duplex are joined together to give a denatured length that is twice of that of the native duplex. Thus, fKO2 TelK is orthologous to the protelomerase TelN from N15. 13 In fact, TelK and TelN are able to use each other's target site with comparable efficiency (see below).
Hairpin end-generating activity under standard assay conditions is rapid but the enzyme appears to have slow turnover. Two different linear substrates added sequentially, each of which carries the telRL site at a different distance from the end of the substrate were used for this analysis such that all substrates and products are distinguishable by agarose gel electrophoresis. Using substrate I (same substrate used in Figure 2 ) and limiting amounts of protelomerase, the 2.9 kb fragmentsubstrate was converted to two fragments of 2.1 kb and 0.8 kb in five minutes at 30 8C with some excess substrate. Further incubation for five minutes more did not convert more substrate to products ( Figure 3, lanes 1, 2 and 3 ). The residual substrate I could be converted to the two products if more enzyme was added ( Figure 3 , lane 4), suggesting that no inhibitor was present. After the initial incubation with substrate I, if a second substrate II was added to the reaction and incubation continued, substrate II was found to remain intact because the 1.6 kb telRL-containing fragment was not converted to the 0.97 kb and 0.63 kb fragments if active TelK was present ( Figure 3 , lanes 7 and 6). A 1.4 kb fragment which lacks a telRL site was also present as control, and it remained intact under these conditions. Furthermore, when TelK was initially incubated with a DNA lacking the telRL site in the first step, such as the linearized vector pSK DNA, it remained active in the second incubation (data not shown). This suggests that the enzyme is stable under the reaction conditions, and the inactivation of TelK after the first incubation was indeed due to its activity on the telRL site. These results suggest that TelK may act stoichiometrically and becomes inactive at the end of one round of reaction with slow or no turnover. Furthermore, this loss of subsequent activity was apparently not due to a tight binding of the protein and the hairpin products, since purified hairpin molecules are not competitors of the reaction (data not shown). This non-catalytic property of the protelomerase may have interesting implications for its regulation during phage development. The protein is expected to function only during lysogeny when the phage DNA is in the linear plasmid form, and not to be active during lytic phage development where telRL site remains intact. If protelomerase became inactivated after each round of activity, it would provide one measure to ensure that no excess activity is present when it is no longer needed. It remains possible that other factor(s) may be involved in the intracellular action of TelK where it may act catalytically. Similarly, by the same criteria TelN also appears to act stoichiometrically on substrates carrying telRL site from either N15 or fKO2 under similar conditions (data not shown). 
Protelomerase Mechanism

TelK and TelN are monomers in solution
The method of equilibrium ultracentrifugation was used to investigate the subunit structure of protelomerase in solution, since this method is independent of the molecular shape. 18 In the presence of 150-250 mM NaCl and at three different protein concentrations, TelK fits best as a monomer with a molecular mass of 78(^8) kDa with randomly distributed residuals ( Figure 4A ). Similarly, TelN also fits best as a monomer with a molecular mass of 77(^6) kDa ( Figure 4B ). These values are in very good agreement with the calculated monomeric molecular masses of 73,369 and 72,267 for TelK and TelN, respectively, based on their coding sequences. Since protelomerase is expected to process a target site consisting of dyad symmetrical DNA (telRL site; see Figure 1 ) to give two ends, it is very likely that at least two molecules are needed to interact with the symmetrical DNA target site to give a functional unit for the reaction (and two covalent protein complexes are formed at each telRL site; see below). On gel filtration analysis (part of the purification scheme), TelK and TelN eluted at a volume comparable to that of catalase (molecular mass 240 kDa), indicating that the protelomerase monomers have a shape that is different from spherical.
Duplex oligonucleotides are substrates for protelomerase
In addition to long DNA substrates (such as the 2.9 kb substrate used above) in either supercoiled or linear form, duplex oligonucleotides derived from the telRL (56 bp from N15, or the 50 bp from fKO2) site can also be used as substrates for the hairpin end generation. Oligonucleotide substrates (bottom of Figure 5 ) that contain a five nucleotide single-stranded extension on the left and a 5 bp double-stranded extension on the right added to the 56 bp N15 telRL were used. Both TelK and TelN are able to convert this oligonucleotide substrate into two products that are separable by native 12% (w/v) PAGE ( Figure 5 ). Synthetic oligonucleotides as substrates clearly offer versatility and convenience for mechanistic studies by providing easily altered target sites. For example, a nick introduced at position 35T abolishes the hairpin end-generating activity of both TelK and TelN, whereas the activity is not affected if nicks are introduced further away from the center of dyad symmetry, at positions 36T or 37T and beyond ( Figure 5 ). The systematic evaluation of different positions in the telRL site are described below.
Protelomerase cleaves the telRL site at staggered positions 6 bp apart By sequence comparison, protelomerase shares limited and short stretches of amino acid homology with the C-terminal catalytic domains of Yrecombinases and type IB topoisomerases where their active site tyrosine resides. 9 Thus, it is reasonable to assume as a working hypothesis that the hairpin-ended product may be the result of a transient breakage and rejoining event that occurs within the telRL site by a Y-recombinase type mechanism. In order to further increase the separation of the two products generated by protelomerase, we prepared another set of N15 telRLcontaining oligonucleotide substrates with a 10 bp extension on the right and no extension on the left side ( Figure 6A ). This set of substrates yields well separated hairpin-ended products of two different sizes: a 28 bp product originating from the left side of the telRL and a 38 bp product from the right side where the 10 bp extension was added ( Figure 6B ). We reasoned that if such a set of synthetic substrates were prepared in which a single 32 P group is incorporated at different phosphate Figure 3 . Demonstration of stoichiometric TelK activity using two substrates added sequentially. Substrate I is generated by linearization of pSK-K DNA with the restriction enzyme AlwNI (as in Figure 2 ). Substrate II has two fragments (1.4 kb and 1.6 kb), where only the 1.6 kb fragment carries the telRL site; it was generated by digesting a pUC18 derivative carrying the fKO2 telRL site with AlwNI and Ssp I. Incubation was at 30 8C. 1, Substrate I and no enzyme control incubated for five minutes. 2, TelK (0.7 pmol) was incubated with substrate I for five minutes. 3, Similar to 2, only substrate I and TelK were incubated for five additional minutes. 4, Similar to 2, only after the initial incubation a second aliquot of TelK (0.7 pmol) was added and incubation continued for five minutes. 5, At the end of the initial incubation as in 2, substrate II was added before the second five minute incubation. 6, Activity of substrate II for five minutes incubation with TelK. 7, Substrate II and no enzyme control. M is the marker whose molecular sizes are labeled on the side. backbone locations along the length of the telRL target on the top strand, then after the protelomerase reaction, those substrates whose 32 P group is on the left of the cleavage site would retain the label on the 28 bp product, and similarly, if the label is on the right side of the cleavage site, the 38 bp product would be labeled. Thus, the position where the label switches from the 28 bp product to the 38 bp product would unequivocally register the cleavage and the subsequent re-ligation site on the top strand. The differentially labeled (in the top stand) substrates were prepared by using a set of singly nicked oligonucleotide substrates whose top right oligonucleotides were 5 0 -labeled with 32 P using T4 polynucleotide kinase at various positions along the length of the target telRL. After annealing with the appropriate unlabeled top left and bottom strand oligonucleotides to form nicked duplexes, the nicks were sealed with T4 ligase to generate intact full-length substrates. When this set of fulllength top-strand-labeled substrates was treated with TelN or TelK, the labeled phosphates up to 25 remained with the 28 bp product, whereas phosphate at position 26 and beyond stayed with the 38 bp product ( Figure 6C ). Hence, cleavage must occur between position 25 and 26 of the top strand, i.e. three nucleotides left of the dyad symmetry center. Similarly, bottom-strand-labeled substrate cleavage occurs between position 31 and 32, three nucleotides right of the dyad symmetry center (data not shown). (The numbering of the bottom strand is also from left to right as drawn in Figure  6A .) Thus, protelomerase makes, as intermediates during hairpin end generation, a pair of transient dyad-symmetric staggered cuts 6 bp apart that leave 5 0 protruding ends.
Protein-linked intermediate accumulates with suicide substrates nicked at the center of the symmetry
Under normal reaction conditions with an intact telRL site, the protelomerase reaction proceeds rapidly to generate hairpin-ended products, and few or no intermediates are detected. When specific nicked suicide oligonucleotide substrates were used, their hairpin generating ability was abolished and they are called suicide substrates. In the latter case, the re-ligation step was apparently more adversely affected than cleavage, since protein-linked intermediates accumulated. These intermediates could be visualized by ethidium bromide staining as large complexes migrating near the top of a 7% polyacrylamide gel containing SDS. When a nick was placed at the center of the dyad symmetry between nucleotides 28 and 29 on the top strand of the substrate described in Figure  6A , TelK and TelN caused the accumulation of a pair of DNA -protein complexes near the top of the gel ( Figure 7A , left three lanes). (A minor species of even larger aggregate was occasionally also seen above the pair of complexes, as shown in Figure 7A , dependent on the purity of the suicide substrate.) These were protein -oligonucleotide complexes, because they were sensitive to protease treatment and a small oligonucleotide appeared near the bottom of the gel when the protein portion of the complex was digested ( Figure  7A , fourth lane from the left). These complexes did not form when either Y425F or R350G mutant of TelN was used in the reaction ( Figure 7A ). Residue Y425 of TelN is the putative active site tyrosine based on amino acid sequence alignment with other Y-recombinase family of proteins. 9 The construction and properties of these mutant proteins will be described elsewhere; both purified TelN/ Y425F and TelN/R350G bind full-length substrate DNA but yield no hairpin-ended products (data not shown). With the wild-type TelN and TelK proteins, the use of this suicide substrate caused more than 60% of the initial oligonucleotide substrate to accumulate as large protein -oligonucleotide complexes. To identify the pair of protein-DNA complexes seen in Figure 7A , we 32 P-labeled the top left end or the bottom right end of the suicide substrate (nicked between position 28 and 29 on the top strand) using T4 polynucleotide kinase, and treated these labeled substrates with protelomerase. The resulting autoradiogram ( Figure 7A , right panel) shows that the faster migrating member of the pair of protein -oligonucleotide complexes was derived from the left end of the substrate, since it is seen when the 5 0 end of the top strand was labeled ( Figure 7A, lanes 1 -3) . Similarly, the slower migrating complex was derived from the right side of the substrate, since it was labeled if the substrate was selectively labeled at the bottom 5 0 end with 32 P ( Figure 7A , lanes 4 -6). This result is consistent with the fact that the protein -oligonucleotide complex generated from the left side of the suicide substrate is smaller than that of the right side by 10 bp due to the extension added to the right side of the telRL target site. The existence of the (5 0 -32 P)-labeled oligonucleotide -protein complexes further shows that the protein-attachment was at the 3 0 end of the cleaved intermediate. Since two protein-linked complexes are formed in this reaction, it shows that at least two molecules of the protelomerase form a functional unit to interact with the symmetrical substrate of the reaction even though the protein itself is a monomer in solution based on equilibrium ultracentrifugation analysis ( Figure 4 ). Each half of the dyad symmetrical target site thus provides a binding and reaction site for each molecule of the protelomerase protein.
Next, we investigated whether half reactions (cleavage at only one of the symmetrical halves of telRL) can occur as judged by the accumulation of only one of the two protein-linked intermediates. This was done by introducing a single nick at one of the two cleavage sites, either between nucleotides 25T and 26T on the top strand or between nucleotides 31B and 32B on the bottom strand (hereinafter we use T to denote top strand nucleotides and B to denote bottom strand). Synthetic oligonucleotides, with 3 0 -OH and 5 0 -OH ends, were used to generate these nicked substrates. Thus, in these molecules one of the two expected Figure 5 . Activity of TelK and TelN using oligonucleotides as substrates. The duplex oligonucleotide substrate carrying the 56 bp telRL site of N15 (the numbered sequence is described in Figure 1 ) and the extensions added at either the 5 0 or 3 0 ends is given at the lower part of the Figure where asterisks (**) indicate the turnaround point of the hairpin and the center of dyad symmetry. The substrate yields two separate products labeled P1 and P2 due the presence of different extensions at both ends. A minus sign (2) indicates that no protein is added, N indicates that TelN was used, and K indicates that TelK was used. Oligonucleotide substrates with a single nick (marked by a V if present) were also used as substrates. 35T denotes that a nick is introduced to the right of nucleotide 35 on the top strand, counting from the left end of the oligonucleotide sequence. Likewise, 36T and 37T are substrates having nicks at the 3 0 side of nucleotides 36 and 37 on the top strand, respectively.
cleavage locations is already present as a nick in the substrate. We found that cleavage of the intact site still occurred, no protein-linked intermediate accumulated and only one of the two closed hairpin products was formed. Specifically, with the substrate carrying the nick between 25T and 26T, cleavage at the intact strand between 31B and 32B still occurred, no protein-linked intermediates accumulated, and only the right-side 38 bp product was formed (see Figure 8A ; and this point will be examined in more detail in the next section). Likewise with the symmetrically related substrate containing a nick between 31B and 32B, cleavage still occurred between 25T and 26T and resulted in the formation of only the 28 bp hairpin-ended product (data not shown). We conclude that re-ligation of the bottom strand protein-linked intermediate can utilize a pre-existing 5
0 -OH at the top strand cleavage site (and vice versa); this is perhaps not surprising, since this 5 0 -OH would normally be created by cleavage by the second protelomerase molecule. In addition, since the 5 0 -OH group is utilized in the re-ligation part of the reaction, it follows that the protein is linked to the 3 0 -phosphoryl of nucleotides 25T and 32B.
On the other hand, if a phosphate group is added to the 5 0 side of the 25T nick by T4 polynucleotide kinase on the upper right oligonucleotide before annealing to form the nicked substrate, it prevents the cleaved intermediate (bottom strand cleavage between 31B and 32B) from re-ligating, and only one of the two protein-linked intermediates accumulates. The substrate with a 5 0 -phosphoryl-blocked nick at position 25T yielded only the larger of the two protein-linked intermediates, whereas with the bottom strand 31B 5 0 -phosphoryl blocked Protelomerase Mechanism nicked substrate, only the smaller of the two intermediates accumulated ( Figure 7B ). This result again shows that re-ligation requires 5 0 -OH, further inferring that cleavage generates a free 5
0 -OH and a 3 0 -phosphoryl which is covalently linked to the protelomerase.
In the central region between the 6 bp-staggered cuts, i.e. between positions 25 and 31, any perturbation in the form of a nick (with or without a 5 0 -phosphate group) is sufficient to cause the accumulation of both protein-linked intermediates. A typical accumulation of two such intermediates is shown in Figure 7B where suicide substrates have a nick to the right of nucleotide 26T in the top strand or a nick to the right of nucleotide 30B in the bottom strand. These results suggest that breaks within this central 6 bp region do not interfere with cleavage but block re-ligation of both strands, allowing the accumulation of proteinlinked intermediates. Thus, by judiciously positioning the nick on suicide substrates, the structure of the protein-linked intermediates could be deciphered unequivocally.
Protelomerase requires the integrity of a site 4 bp away from the cleavage site for activity The series of experiments described above The product was analyzed by 7% PAGE containing 0.1% SDS, where the protein-DNA complex can enter the gel. The ethidium bromide stained gel is shown on the left. PrtK indicates that reaction was treated with proteinase K, such that the protelomerase protein was digested and the bound oligonucleotide was released to migrate below the substrate (marked by the arrow at the lower left). Y425F and R350G indicate reactions in which TelK mutant proteins with the indicated amino acid substitution were used (see the text). In the right panel, reactions using the same substrates labeled with 32 P at the leftmost and rightmost 5 0 ends of the nicked substrate (top and bottom strand label, respectively) were separated in a similar gel to the left panel, and subjected to autoradiography. B, Suicide substrates similar to those in A, but with a 5 0 -phosphate on one side of the nick, were incubated with TelN (N), TelK (K) or no enzyme (2) . Such a substrate with a nick between nucleotides 25 and 26 of the top strand is diagrammed below. The products were similarly separated by 7% PAGE containing 0.1% SDS and stained with ethidium bromide. Analysis of four different substrates, with nicks immediately to the right of positions 31B, 30B, 25T and 26T are shown. B or T after the numbers indicates that the nick is on the bottom strand or the top strand, respectively. Note that the positions 25T and 31B, 26T and 30B are dyad symmetrical (see the text for details).
establishes that both TelK and TelN protelomerases transiently cleave the telRL site between 25T and 26T on the top strand and between 31B and 32B at the dyad symmetrical bottom strand position, resulting in a 6 bp staggered cut with two 5 0 -OH and 3
0 -phosphoryl-linked protein-DNA intermediates. Here, we further evaluate the importance of nucleotide strand integrity and the flexibility of the nucleotide backbone of the telRL target site through the use of substrates that have a nick at various positions on the top strand of the telRL DNA. The set of substrates used here is of the same general design as in the previous section, where two well separated products of 28 bp and 38 bp (left and right products, respectively; Figure  6A ) provide a qualitative readout of both the cleavage and the subsequent re-ligation of the complete protelomerase reaction. We interpret that the 28 bp product was generated from the re-ligation of the protein-linked intermediate at position 25T, and the 38 bp product is derived from the proteinlinked intermediate at 31B. Three types of nick placement on the suicide substrates were considered when introducing a single nick systematically along the length of the target sequence. (i) Nicks were introduced on the left side of the top cleavage site up to 25T to assess the contribution of the scissile strand. (ii) Nicks were placed between the staggered cleavage sites between 25T and 31T to assess the loop-forming region between the cleavage sites. (iii) Nicks were placed in the top strand at 31T and beyond to assess the contribution at the non-scissile part of the substrate across from a cleavage location.
Starting from the top left side of the telRL target site, nicks (3 0 -and 5 0 -OH) introduced up to and including position 20 have minimal effect on the protelomerase activity, they behaved like full length telRL-containing substrates without interruptions yielding two products and no accumulation of protein-linked DNA intermediates ( Figure 8A) . Surprisingly, a nick placed between position 21T and 22T (on the top strand), completely abolishes the protelomerase activity ( Figure  8A ; lanes under 21T). This suggests that the phosphodiester linkage between nucleotide 21 and 22 is functionally critical for protein-substrate interactions; possibly it is required for making important contact with the enzyme to initiate the cleavage action, although the actual cleavage site occurs 4 bp to the right at position 25T. When a nick was introduced at locations between 22T and the actual cleavage site 25T, proficient cleavage and re-ligation of the 38 bp product was again seen with little or no 28 bp product ( Figure 8A ). Since a protelomerase cleavage occurs at position 25T, the presence of a nick to the right of nucleotide 22T, 23T or 24T would generate a short proteinlinked oligonucleotide product of three, two or one nucleotide in length, respectively. These short oligonucleotide-linked intermediates are apparently not stable enough to remain with the left side of the substrate molecule, since only minimal Figure 8 . Hairpin end-generation using nicked oligonucleotide suicide substrates. A, Oligonucleotide substrates carrying the 56 bp N15 telRL site and 10 bp extension on the right (similar to the design used in Figure 6 ) with or without a nick in the top strand were incubated with TelK in a standard reaction for one hour at 30 8C. The products were analyzed by 12% PAGE. The location of the nicks on the top strand counting from the left end is given on the top of the gel (e.g. 21T indicates that a nick is present at the 3 0 side of nucleotide 21 on the top strand). B, Schematic presentation of the substrate depicted in a duplex and a cruciform structure summarizing the results of the activity of protelomerase using nicked suicide substrates. Representative nicked oligonucleotide suicide substrates used in these studies are indicated by the nucleotide number where the nick is located (numbers are from left to right). Filled black characters indicate that the normal two products of 38 bp and 28 bp were formed using the nicked substrate. Shadowed black characters indicate that no product was made. Blue characters indicate that only the 38 bp product was made and red characters indicate that only 28 bp product was made. Green characters indicate that a large amount of the protein-linked intermediates accumulated and few products were formed. Substrates with a nick at 25T or 31B, the expected cleavage site, also generated some aberrant products. Red arrows mark the positions where cleavage occurs. amounts of the 28 bp product were formed. Yet the 38 bp product was generated normally; in fact its accumulation was more pronounced than when substrates without nicks were used. In the substrate having a nick between nucleotides 25T and 26T (at one of the cleavage sites), protein-linked intermediates were not formed, as the substrate is already broken at this location and no 28 bp product was formed. Yet the processing at the dyad symmetrical bottom strand cleavage at position 31B proceeds normally to generate the 38 bp product ( Figure 8A ). This result further suggests that, although the two cleavage events that generate the 6 bp staggered cuts are likely to be coordinated in some fashion, they need not occur simultaneously. The absence of cutting at 25T still allows cutting at 31B to proceed, and as long as the needed 5 0 -OH group at 25T is available the reaction proceeds to re-ligate with the opening at the 25T to generate the 38 bp product.
Nicks placed between the staggered cleavage locations blocked all product formation (data not shown), yet significant amounts of protein-linked intermediate accumulated, as analyzed above and shown in Figure 7 . We interpret this result to mean that a nucleotide backbone discontinuity in positions between the cleavage sites does not affect the cleavage part of the reaction as much as re-ligation, since the protein-linked intermediate accumulates under these conditions but no religated products were formed ( Figure 7B ).
When nicks were introduced on the top strand to the right of the bottom strand cleavage position, at 31T, 32T or 33T, only a small amount of the 28 bp product was seen, and no 38 bp product was detected. Substrates with nicks at these locations would generate oligonucleotides of six to eight nucleotides in length between the protelomerase cleavage at 25T and the nick in the substrates. Since no 38 bp product was found, and the 38 bp product is the ligated product between the 5 0 -OH group generated from the 25T cleavage and the 31B-protein-linked opening, it suggested that the short oligonucleotide of six to eight nucleotides in length was unable to remain with the structure to effect re-ligation. This result would also be consistent with the notion that these 6-8-mer oligonucleotides are part of a loop structure, rendering them less proficient to be paired with the remaining structure. Nicks introduced at 34T and 35T yielded no products (Figures 5 and 8A) . Nicks to the right of nucleotides 36T, 37T or 39T did not affect the protelomerase reaction and produced normal amounts of two hairpin-ended products. Selected suicide substrates with a nick in the bottom strand were also constructed, and the results with these substrates were as predicted by the symmetry of the target (data not shown, but summarized in Figure 8B ).
Protelomerase recognizes specific nucleotide sequence outside of the central cleavage region on the telRL for activity
The analysis using suicide substrates suggested that the complex of protelomerase and its target site telRL may assume a cruciform structure with two protruding stem-loops, and that the cleavage and re-ligation sites are at the base of the loops. Furthermore, it showed that the residues 4 bp from the cutting site on the stem of the proposed cruciform appear to be important for function ( Figure 5, 35T and Figure 8A 21T and 34T lanes) as nicks introduced at these locations completely abolish the protelomerase hairpin end-generating activity. The target sites for N15 and fKO2 protelomerases, though different in size, are identical in the region proposed to form the protruding stemloop, and the two proteins and their target sites are interchangeable. Recently, another linear plasmid PY54 with closed hairpin ends from Y. enterocolitica has been reported. 10 Based on analogy with the TelN and TelK systems described here and elsewhere, 9 its target site was identified as a 42 bp perfect inverted repeat sequence as shown in Figure 9A . The alignment of the three target sites shows numerous differences between the PY54 telRL and the N15 and fKO2 target sites including the critical positions 21T, 34T and 35T of N15. To investigate if PY54 telRL can serve as a substrate for the TelN or TelK protein, we cloned the 42 bp target site into a high copy plasmid pSK (Stratagene) to form pSK-Y. Figure 9 shows that linearized pSK-Y is not a substrate for TelK (nor is it a substrate for TelN; data not shown). However, if nucleotide substitutions of A15T and C16A in the top strand of the PY54 site, and the compensatory changes T28A and G27T in the bottom strand to maintain inverted repeating sequence are incorporated into the PY54 telRL site (called PY54-TA in Figure 9A ), the resultant plasmid, pSK-Y-TA, can now serve as substrate for TelK activity ( Figure  9B ), albeit with lower efficiency. The numerous remaining sequence differences among the modified PY54-TA and the N15 and KO2 target sites were apparently less critical so long as the central region is the same. These results further suggest that TelK and TelN apparently recognize both a structure (a cruciform formed by the inverted repeat) as well as specific DNA sequences 3-5 bp away from the staggered cleavage site.
Discussion
Protelomerases comprise a new class of unique proteins that function to generate covalently closed hairpin ends in DNA. These linear DNA ends are arranged such that one strand turns around and becomes the complementary strand. In this manner, these linear DNA molecules do not have free or open ends, and are expected to be stable and not vulnerable to exonuclease degradations. In addition, such ends are readily replicated without loss of information from the 5 0 ends of replicon termini. 5 Protelomerase proteins function in a sequence-specific manner to rearrange the target site without adding or deleting nucleotides in the Figure 9 . Demonstration of sequence requirement within the telRL site. A, Sequence alignment of three naturally occurring telRL sites from fKO2 (Klebsiella), N15 (E. coli) and PY54 (Yersinia). Double asterisks (**) in line with the sequence indicate the turn-around position of the hairpin. Single asterisks (*) above the sequences mark the nucleotides in the target sites that are different from the N15 telRL site. PY54-TA carries the nucleotide substitutions A15T and C16A and the compensatory changes G27T and T28A (PY54 nucleotide numbering of telRL site is also from left to right). The arrows mark the cleavage sites and the vertical lines align the nucleotides that are mutated. B, Activity of TelK on the cloned substrates carrying the telRL sites described in A. Each of the sites was cloned into pSK (Stratagene) and the linearized DNA (by the restriction enzyme AlwNI) was used as substrate incubated with (þ ) or without (2) TelK under standard conditions. pSK-K carries the fKO2 target site, pSK-N carries the N15 site, pSK-Y carries the PY54 site and the pSK-YTA carries the mutated PY54-TA site. The products were analyzed on a 1% agarose gel and stained with ethidium bromide.
process. No cofactor such as ATP or divalent cation is required for the reaction. By extensive use of oligonucleotide and suicide substrates, we directly demonstrate that both TelN and TelK use a breakage and re-ligation mechanism. They cleave the target site three nucleotides from the center of dyad symmetry to generate a 6 bp staggered cut with 5 0 protrusions. Two transiently broken scissile phosphates with a 5 0 -OH and a protein linked 3 0 -phosphoryl group form as intermediates. DNA ends at the scissile phosphates are exchanged in an as yet unknown manner, so that the 5 0 -OH and 3 0 -phosphoryl-protein ends trade partners before re-ligation.
Since the transiently cleaved intermediate has a 6 bp staggered opening to yield two hairpinended molecules as products, the six nucleotides between the cut must loop back to allow resealing in an intra-molecular reaction. A model describing the mechanism is proposed ( Figure 10 ). Two alternatives are formally possible in the behavior of the loop processing: the loops could be "preformed" in a stem-loop structure as a result of protelomerase binding to the inverted repeat in the target sequence, after which cleavage, rearrangement and re-ligation ensues. Alternatively, the protelomerase could cut the DNA at the target site in its duplex unlooped form (Figure 10 ; drawn inside a bracket), and thereafter the loops are formed to allow re-ligation with new partners. Although the model has not yet been tested by extensive mutagenesis studies on the target site, the presence of inverted repeats (perfect or imperfect ones) in all functional target sites suggests that DNA cruciform formation is very likely, and we favor the preformed loop model. This notion is supported by the observation that nicks at any position between 21T to 26T or 31T to 35T on the top strand all have strong effect on protelomerase reaction. These two nucleotide clusters would occupy complementary positions on a stem if the telRL site were to fold into a cruciform structure ( Figure  8B ). More experimentation is clearly needed to distinguish between these two possibilities.
Purified protelomerase exists as a monomer in solution, and two protein-linked cleavage intermediates are formed which eventually give rise to two hairpin-ended products. Thus, two molecules of protelomerase interact with one dyad symmetrical target site to generate two hairpin ends. The role of protein-protein interactions brought about by target site binding in the reaction is not yet clear. However, the two hairpin-end generation events can be uncoupled. Nicks introduced at or very near one of the cleavage positions (such as the nicks to the right of 23T, 24T and 25T) in the substrate yielded only one of the two products at more pronounced level than a standard two-product reaction (Figure 8 ). On the other hand, the two molecules of protelomerase working on one target site might not be working independently of each other, since a single nick at one of the two strands between the cleavage site is sufficient to inhibit the re-ligation of both products providing for the accumulation of two proteinlinked intermediates ( Figure 7A ). We further identified a position three to four nucleotides outside of the cleavage location where phosphodiester backbone integrity is absolutely required. The importance of this recognition site is supported by the observation that a simple change of 2 bp in this critical location together with their complementary changes to maintain dyad symmetry on the target site in the newly discovered Yersinia linear plasmid PY54, 10 renders it susceptible to the action of a heterologous protelomerase from fKO2 or N15 (Figure 9 ). This further attests to the evolutionary relatedness of these linear hairpin-end-generating systems.
Recently, a protein that can resolve the hairpinended telomeres of B. burgdorferi has also been identified, and the mechanics of its action described. 7, 11, 12, 19 Like TelN and TelK, the Borrelia protein, called ResT resolvase, cleaves the substrate DNA to generate 5 0 protruding 6 bp staggered cuts. However, the amino acid sequence similarity between ResT and TelN/TelK is rather low (22% identity), and there is a large disparity between Figure 10 . A model for the mechanism of action of protelomerase. The duplex DNA target site telRL of protelomerase carries an inverted repeating sequence. Two molecules of protelomerase bind to the dyad symmetrical target site to form a dimeric protein complex. The target site protein complex may adopt a structure somewhat similar to a synaptic complex due to the inverted repeating sequences. A 6 bp staggered cut with 5 0 protruding ends is introduced which has a 5 0 -OH and a 3 0 -phosphate-linked-protein intermediate at each of the openings. The covalent attachment of protein-DNA is indicated by a blue dot. Whether the protein-DNA complex consists of DNA in the duplex form or in the cruciform conformation at the time of the transient cleavage remains to be determined (we favor the cruciform conformation). This is followed by a strand exchange with the consequence that a different 5 0 -OH group from that created by the initial cleavage is paired with the protein-linked end (the protein-linked junction from the top black strand is paired with the red 5 0 -OH group from the bottom strand and vice versa). The transient opening is then re-ligated resulting in hairpin formation and the release of the protein (see the text for a more detailed description). their sizes. ResT's 449 amino acid residues are closer to the typical size of Y-recombinases than the phage encoded protelomerases (640 residues for TelK). If ResT is the only closed hairpin-end-generating enzyme in the Borrelia cell, and no other family members have been identified in its sequenced genome, 4, 7 then the Borrelia ResT protein appears to be more promiscuous than the phage protelomerase proteins in its utilization of target sites. Considerable variation in sequences exists among the eight sequenced chromosomal and linear plasmid telomeres of B. burgdorferi, 5 so the single resolvase must accommodate all these differences.
With the recent determination of the minimal Borrelia target site, 20 it appears all hairpin end-generating enzymes, regardless of whether they are phage or bacterial in origin, use inverted repeat target sites in the range of 42 -56 bp. We find that protelomerases from fKO2 and N15 are able to use as substrates target sequences both in linear duplex and in supercoiled forms (Figure 2 ), whereas the Borrelia ResT is reported to be unable to resolve a supercoiled substrate. 11 Although both types of proteins generate hairpin ends, perhaps there are important distinctions between the phage protelomerases and ResT, both in protein domain organization and in their interaction with substrates. The native telRL target site of the N15 and fKO2 phage genome is an imperfect inverted repeat, so it generates distinct left and right hairpin ends to give two different ends in the linear plasmid. Synthetic, perfectly symmetric substrate sites such as telLL 0 or telRR 0 are also utilized efficiently by TelN and TelK (data not shown). If the intracellular replicative intermediates of these linear plasmids are head-to-head dimer circles as suggested by Ravin et al., 15 then symmetric telLL 0 and telRR 0 sites formed at the novel junctions of dimer circles and could also be resolved by protelomerase. In fact, the Y. enterocolitica PY54 linear plasmid and a possible hairpin-end-generating system of phage VHML Vibrio harveyi 21 carry perfectly symmetric target sites.
The integrase/Y-recombinase family of proteins all utilize DNA breaking and rejoining mechanisms that have 3 0 -linked protein intermediates to effect DNA rearrangement or resolution of Holliday junctions to mobilize DNA. Alignment of a large collection of members of this family of proteins and correlation with four atomic structures of representative members have provided a signature motif described as the "RKHRH" catalytic pentad, which jointly coordinates and catalyzes the attack by the active site tyrosine. 22, 23 A careful alignment shows that R-275, K-300, M-393, R-396 and H-416 of fKO2 protelomerase are very likely the amino acids of its catalytic pentad. With the exception of the middle histidine in the RKHRH signature, these conserved residues are invariant in N15 and fKO2 protelomerase, as well as in all the other known hairpin-end-generating enzymes. Exceptions to this middle canonical histidine residue have also been noted even among the wellcharacterized members of the Y-recombinase family. This histidine position is occupied by a lysine, K-220, in vaccinia virus topoisomerase, 24 and by an arginine, lysine, asparagine or tyrosine in some other Y-recombinases. 22 This position is a methionine in the N15 and fKO2 protelomerases, but this is not conserved in other protelomerases; it is a lysine in the Yersinia PY54 protein, a histidine in the putative Vibrio VHML protein, and tyrosine in the bacterial proteins from B. burgdorferi and A. tumefaciens. The significance of this variation remains to be deciphered.
We show here that protelomerases are convincing members of the Y-recombinase family. Yet they clearly perform DNA rearrangements differently from other member proteins that use a tyrosine active site and specific target sequences. Significant differences are noted beyond the catalytic domain both at the N termini and the C termini of protelomerases when compared with the standard Y-recombinases. Moreover, the target site of one integrase/ recombinase often includes a number of related sites such as bacterial attachment and phage attachment sites. Auxiliary proteins are sometimes needed for the two sequential exchanges needed to complete the recombination or integration/excision events. 22 Whereas in the case of protelomerases, one duplex target is involved, one intra-molecular DNA exchange event is sufficient to generate two hairpin ends, and no other cofactor is required in the in vitro reaction. The target sequence requirements also appear to be more stringent at the current level of analysis. Although protelomerase cleavage generates a 3 0 -phosphoryl-protein linked intermediate and 5
0 -OH opening, which is a hallmark of members of this family of proteins of recombinases and type IB topoisomerases, the subunit structure of protelomerase is different from the other members. Like topoisomerase IB, it exists as monomers in solution, but upon complexing with the dyad symmetrical target DNA, two molecules of protelomerase coordinate two cleavages to generate the staggered cuts, whereas in topoisomerase IB only one single-strand cleavage event occurs to provide a swivel point to effect topological changes in the substrate DNA. Under some conditions, recombinases can have topoisomerase activity, and topoisomerases can affect DNA strand exchanges. It is expected that under some specialized conditions, protelomerases may also exhibit topoisomerase activity.
Materials and Methods
Cloning of protelomerases and their target sites
The T7 promoter-driven vectors, pET15b or pET16b (Invitrogen) were used to clone and express protelomerase proteins in E. coli. The coding sequences of these genes from fKO2 and N15 phage were amplified by PCR using the following primer pairs: 
Protein purification and assays
Protelomerases from N15 and fKO2 were purified as N-terminal 6 £ His-fusion proteins from the E. coli BL21(DE3) cells (Novagen) harboring the pET/TelN and pET/TelK expression plasmids. Cultures were grown in LB medium supplemented with 130 mg/ml ampicillin at 37 8C to an A 590 of about 0.8. Induction was done in 0.7 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG) for 12 -16 hours at room temperature. Cells were collected by centrifugation and stored frozen at 280 8C until needed. The frozen cell pellet from one liter of induced culture was resuspended in 20 ml of lysis buffer (25% (w/v) sucrose, 50 mM Tris -HCl (pH 8), 25 mM 2-mercaptoethanol and protease inhibitors, 0.13 mM benzamidine and 0.6 mM PMSF (phenylmethylsulfonyl fluoride)). Lysozyme (Sigma) was added to a final concentration of 0.6 mg/ml and the suspension was incubated at 0 8C for about 30 minutes. A brief sonication (4 £ 20 seconds with a micro-probe) followed to complete the lysis. The suspension was treated with RNase (150 mg/ml), DNase (5 mg/ml in 5 mM Mg 2 SO 4 ) at 0 8C for one hour, and finally the following were added to a final concentration of: 0.6% (v/v) Thesit (Boehringer Mannheim), 2 M NaCl, 0.13 mM benzamidine and 0.625 mM PMSF. The suspension was incubated with gentle stirring at 0 8C for at least two hours, followed by centrifugation at 25,000 rpm at 4 8C in an SW40 rotor to remove cell debris. Protelomerases are soluble under these conditions. The supernatant was applied (as two batches) to a 12 -15 ml column of Ni-NTA agarose (Qiagen) equilibrated with buffer N (10% (v/v) glycerol, 50 mM Tris -HCl (pH 7.5), 10 mM 2-mercaptoethanol, 0.1 mM benzamidine). The column was washed with about ten column volumes of buffer N containing 500 mM NaCl and 20 mM imidazole. The protein eluted in about two column volumes of buffer N containing 500 mM NaCl and 800 mM imidazole. Fractions containing the protein were dialyzed first against buffer N containing 500 mM NaCl to remove imidazole and then against buffer S (50% glycerol, 50 mM Tris -HCl (pH 7.5), 500 mM NaCl, 15 mM 2-mercaptoethanol, 0.1 mM benzamidine, 0.5 mM PMSF) for storage at 220 8C. The proteins at this stage were about 98% pure and free of nucleases. Aliquots of no more than 10 mg per run were further purified by gel filtration on a Superdex 200 column (HiLoad 16/60; Amersham Biosciences) using FPLC at a flow rate of 1 ml/minute in buffer N containing 500 mM NaCl. The elution was monitored by absorbance at 280 nm. Protelomerase elutes at 0.5 bed volume of the column. Peak material was pooled and dialyzed into storage buffer (buffer S). Alternatively, if highly concentrated protein is desired, the pooled fractions can first be concentrated by Centricon-30 (Amicon) or re-applied to a small (about 2 ml) Ni-NTA agarose column, eluted with buffer N containing 500 mM NaCl and 800 mM imidazole as described in the bulk purification before putting into storage buffer by dialysis. About 40 mg of purified protein was obtained per liter of culture.
Protelomerase was assayed in 15 ml reactions containing 20 mM Tris -HCl (pH 7.5), 50 mM potassium glutamate, 1 mM dithiothreitol (DTT) and 0.1 mM EDTA, 0.5 mg of supercoiled or linear substrate DNA and 0.2 -2 pmol of enzyme. Reactions were incubated at 30 8C for 30 minutes, stopped by the addition of glycerol (20% final concentration) and SDS (1% (w/v) final concentration) and analyzed on 1% (w/v) agarose gels at 60 V for one hour in Tris -acetate buffer (40 mM Tris, 5 mM sodium acetate, 2 mM EDTA (pH 8.2)), visualized by ethidium bromide staining. When oligonucleotides were used as substrates, the same reaction conditions were used except that the oligonucleotides were present at 15 pmol per reaction and the enzyme concentrations were increased to 40 -100 pmol per reaction. The oligonucleotide reaction products were analyzed on 12% polyacrylamide gels in 1 £ TBE buffer (89 mM Trisborate, 2 mM EDTA (pH 8.6)) at 250 V for 90 minutes using a vertical gel electrophoresis system (model V-16; Life Technologies).
Oligonucleotides
Synthetic oligonucleotides containing the target telRL site from N15 were based on the following 66 base sequences: top strand 5 0 -TATCAGCACACAATTGCCC ATTATACGC**GCGTATAATGGACTATTGTGTGCTGAT AGGATCCCGGG and bottom strand 5 0 -CCCGGGAT CCTATCAGCACACAATAGTCCATTATACGC**GCGTA TAATGGGCAATTGTGTGCTGATA. The underlined bases are the added extension such that when the top and the bottom are paired to form a duplex, a 10 bp extension occurs at the right side of telRL, as drawn in Figure 6A ; asterisks (**) mark the location of the turnaround point where hairpin ends are expected to form. Nicked suicide substrates were constructed by splitting the top or bottom strand into two adjacent oligonucleotides (at locations specified in the text) and annealing with the corresponding bottom or top strand. Substrate oligonucleotides were formed by mixing the top and the bottom strands (with or without nicks) at 10 pmol/ml in the presence of 50 mM Tris (pH 7.5). The mixture was heated to 90 8C for three minutes followed by slow cooling at 0.01 deg.C per second in a thermal cycler for controlled annealing. When appropriate, oligonucleotides were labeled at the 5 0 end with T4 polynucleotide kinase (New England Biolabs) and [g-32 P]ATP. For internally labeled oligonucleotide substrates with a label in the top strand, the top strand was constructed as two halves. The 5 0 end of the right half, at 10 pmol/ml was first labeled with g-32 P using T4 polynucleotide kinase. After, the T4 polynucleotide kinase was inactivated by heating (62 8C, 20 minutes), the left half and the bottom strand were added to the sample, also at 10 pmol/ml, followed by controlled annealing for duplex formation as described above. T4 ligase was then added to the duplex to seal the nick efficiently. The internally labeled duplex oligonucleotide substrates, so constructed, had similar substrate efficiencies to the full-length duplex oligonucleotide substrates formed without the initial nick. Similarly, internally labeled oligonucleotide substrates with labels in the bottom strand were prepared using two halves of the bottom strand with a g-32 P at the bottom left, to anneal with the full length top strand followed by ligation to seal the bottom nick.
Protelomerase cleavage reactions in vitro
Oligonucleotide substrates or suicide substrates (with or without end label) were mixed under standard reaction conditions with excess amounts of protelomerase (three to five times the amount used for assays were added to force the reaction) first at 0 8C for 30 minutes, then incubated at 30 8C for 30 minutes. For protease treatment, the reaction was split into two aliquots; in one portion, SDS was added to 0.2%, proteinase K was added to 200 mg/ml, and incubation was continued at 37 8C for 15 minutes. In the second portion, stop mixture containing 1% SDS was added without the proteinase K treatment. Samples were analyzed under protein denaturing conditions in 7% polyacrylamide gel in 1 £ TBE buffer containing 0.1% SDS (in the gel and in the running buffer).
Other methods
Sedimentation equilibrium was carried out at 20 8C in a Beckman Optima XL-A analytical ultracentrifuge equipped with UV optics. An ANTi60 rotor with a sixchannel, 12 mm thick, charcoal-epon centerpiece was used. The three sample channels in each cell contained three different loading concentrations of protein in a buffer consisting of 50 mM Tris -HCl (pH 7.5), 150-250 mM NaCl and 1 mM DTT, and the reference channels contained buffer only. Samples were centrifuged until sedimentation and chemical equilibrium were attained. Equilibrium was confirmed by no change in scans taken at four hourly intervals. Cells were scanned radially in continuous mode, with data resulting from ten absorbance readings taken at 0.001 cm intervals. Values for the partial specific volume and the extinction coefficient for each protein were calculated from their amino acid sequences using the method described by Laue et al. 25 Curve fitting and calculation of molecular mass were done using the software NONLIN using non-linear least-squares techniques. 18 Alkaline agarose gel analysis was carried out in 1% (w/v) agarose using 50 mM NaOH and 1 mM EDTA as the running buffer at 40 V for three to five hours at 4 8C.
